The loading history and geochemistry of soluble reactive phosphorus (SRP) and dissolved silica (D S i) are evaluated in the Hudson estuary using 16 years of axial transect data. SRP behaves atypically in the estuary. Profiles show conservative mixing between a large mid-salinity source and the freshwater and seaward end members. Order of magnitude calculations indicate that waste water treatment facilities (WWTFs) are the dominant mid-salinity SRP source. DSi profiles display behaviour more typical of other estuaries in the northeastern United States, showing conservative mixing during periods of high flow and a midsalinity source during periods of low flow. A single layered multi-box model is used to evaluate the loading history of SRP and DSi. Shortly after the New York State phosphate detergent ban of 1972, the SRP load dropped to two-thirds of that typical of the early 1970s. Loading of SRP remained at this level until the mid-1980s when construction began at the largest point source. During the construction phase (1984)(1985)(1986), SRP loading returned to the early 1970s level. Upon completion, the total load declined once again and by the end of the 1980s it reached a level approximately one-third of that existing prior to the detergent ban. Model calculations of observed DSi profiles do not show a similar timetrend. They suggest that during summer months dissolution of diatom tests is a major source of DSi; however, WWTF DSi loads also appear to be a significant source to the Hudson estuary.
Introduction
Years of industrial and municipal waste discharge to riverine, estuarine and coastal waters have deteriorated the quality of these waters and of their corresponding habitats. Nutrient concentrations in water near large urban centres have increased as the result of discharge from waste water treatment facilities (WWTFs). Higher nutrient concentrations enhance biomass productivity, that can lead to hypoxia and eutrophication. Much of the effort put 0272-7714/92/030213 + 21 $03.00/0forth to improve water quality has concentrated on increasing dissolved oxygen levels by reducing the loading of biological oxygen demand (BOD) and nutrients. Legislation which reduced the concentration of phosphorus in detergents and promoted the construction of sewage treatment facilities are examples of these efforts. Here, we examine soluble reactive phosphorus (SRP) and dissolved silica (DSi) profiles collected from the lower Hudson estuary since the early 1970s to evaluate the effectiveness of these efforts in the New York City metropolitan area.
Although dissolved oxygen, BOD, and inorganic nitrogen concentrations are often used to assess the quality of estuarine water, we have chosen to use SRP and DSi to monitor changes in the Hudson because their chemistries lack complications such as gas exchange or transformations between different inorganic forms (i.e. nitrification and denitrification).
The general behaviour of SRP and DSi in estuaries is well known. Both show seasonal variations on concentration vs. salinity plots. Uptake of SRP is observed in spring while relatively small mid-salinity SRP sources are commonly found during the remainder of the year. These trends have been observed both near (Sharp et al., 1982) and away from (Edmond et aL, 1981; Kaul & Froelich, 1984; Fox et aL, 1986) industrial and agricultural sources. Two types of mid-salinity sources have been postulated: seasonal regeneration of organic material (Edmond et al., 1981; Kaul & Froelich, 1984) and desorption from suspended material (Sharp et al., 1982; Fox et al., 1986; Froelich, 1988) .
DSi also displays similar seasonal changes in concentration vs. salinity plots (Sharp et al., 1982; Kaul & Froelich, 1984; Anderson, 1986) . Anderson (1986) showed in transects from three river-estuary systems which flow into Chesapeake Bay that the seasonal behaviour is regulated primarily by diatom activity upstream of the salt/freshwater interface. During the winter when the diatom activity was at a minimum, DSi mixed conservatively in the salt intruded reach. During the summer, D Si concentration decreased to values near zero in the area of the diatom activity. Seaward of the salt/freshwater interface, the diatom activity dropped off by an order of magnitude and the DSi concentration increased. From these data Anderson concluded that removal of DSi upstream of the salt intrusion is caused by diatom blooms and addition ofD Si in the saline reach of the estuary results from the dissolution of freshwater diatom tests that have been carried seaward.
The Hudson estuary
The Hudson estuary (Figure 1 ), as defined here, extends from the Narrows (mp -8) a north to the up-stream limit of tidal influence at the Federal Dam at Green Island (rap + 154). North of Manhattan, the axial trend is north-south and nearly linear. Along the axis, little variation is found in the cross-sectional area, which averages 1.5 x 104 m 2. Mean depths are generally 10 m, although regions can be shallower than 3 m or deeper than 35 m. South of Manhattan, the Upper Bay has a width of 5 km and is partially isolated from the sea by the Narrows which has a width slightly greater than 1-5 kin. Tidal channels, the Kill Van Kull and East River, enter the estuary south of Manhattan providing other indirect connections with the ocean and other drainage basins.
The general circulation of estuaries has been understood for some time (see Pritchard, 1969; Abood, 1974; Bowden, 1980) . The Hudson estuary is a partially-mixed estuary.
~Axial distance along the Hudson River has traditionally been recorded in mile points, mp, which designate the number of statute miles north (+) or south (-) from the Battery at the southern tip of Manhattan. Generally the difference between surface and bottom salinities are less than 10 ppt. Freshwater discharge usually reaches a maximum during the spring and a minimum during late summer. Typical seasonal extreme values of the discharge at the Battery (mp 0) are 1200 m 3 s-1 and 200 m 3 s-~, respectively. Lower basin (down stream of the Federal Dam) tributary discharge averages about 35 % of the total discharge at the Battery, but can vary from < 15°0 to more than half of the total discharge during summer months. More than 90°. of the total freshwater flow at the Battery enters the estuary up-stream of the salt/ freshwater interface. During late summer, the saline water can extend as far north as Newburgh (rap +60) while during late spring saline water extends to just north of Manhattan (mp + 15). Freshwater replacement times (total equivalent volume of freshwater divided by freshwater discharge at the Battery) are inversely related to discharge (Figure 2 ). During high discharge ( > 600 m 3 s-~), freshwater replacement times are less than 15 days while during low flow conditions (150-250 m 3 s -1) replacement times are typically between 45 and 60 days although they can be greater than 75 days during extreme dry periods. More than 30 WWTFs serving the greater New York City metropolitan area treat roughly 10 billion litres of waste water per day (Mueller et al., 1976; Brosnan et al., 1987) . In the early 1970s, half of the discharge was secondary treated and one quarter was primary treated. The remaining quarter passed directly into the estuary untreated (Mueller et al., 1976) . Much of the effort since the early 1970s to improve the quality of Hudson estuary water involved up-grading and construction of new treatment facilities. As the result of these improvements, by the late 1980s dry weather waste water discharge into the Hudson was more than 85°'o secondary, about 15°:0 primary, and less than 5°0 untreated (raw) (Brosnan et al., 1987; Interstate Sanitation Commission, 1989) .
Methods
Since the early 1970s, researchers at the Lamont-Doherty Geological Observatory have collected axial transects of Hudson estuary water. Though the investigators have changed over the years, the collection and nutrient analysis procedures have remained reasonably consistent. Samples 1 m below the surface and 1 m above the bottom were collected using a Niskin bottle. They were immediately filtered and brought to the laboratory for nutrient analysis. In addition to SRP and D Si, total dissolved phosphate (TDP), nitrogen species, oxygen, and carbon species have been determined in a number of the transects. Except for TDP, which was determined using the high temperature decomposition procedure of Solorzano & Sharp (1980) , the nutrient analyses followed procedures outlined by Strickland & Parsons (1972) . In this study we define SRP as molybdate-reactive phosphate.
Most of the transects discussed here are combinations of two or more sets of samples collected over a period of up 2 weeks. The profiles were composed of individual samples collected in sequence from a small boat and thus were neither synoptic nor averaged over an entire tidal cycle at each location. Thirty miles of the estuary could usually be sampled in about 4 h.
Results
Typical SRP profiles taken during periods of high and low freshwater discharge in 1974 are shown in Figure 3(a) . The profiles show that the SRP maxima are at mid-salinities and that during high freshwater discharge, the peak is lower and broader. The maxima indicate a source which, after making the transformation from salinity to mile point reference frame, lies for these profiles between mp -8 (the Narrows) and mp 14 (the northern tip of Manhattan). Surface and bottom samples fall on similar conservative mixing lines between the mid-salinity source and the fresh and seaward end members. This behaviour has been previously reported for the Hudson estuary by Simpson et al. (1975) and others who have described it as quasi-conservative. Quasi-conservative behaviour is used to indicate the dominance of rapid mixing and discharge to coastal waters with little evidence for biological uptake within the estuary. Figure 3 (b) shows a SRP transect collected during a period of low freshwater flow 14 years after the transects shown in Figure 3 (a). Similar to the earlier profiles, there is a maximum in SRP at mid-salinities. However, in the low salinity reach of the estuary (between 7-12 ppt) there are significant deviations of samples from the conservative mixing trend, as well as a systematic separation between surface and bottom samples, suggesting that substantial net uptake of SRP was occurring. Away from this area, SRP appears to behave conservatively. In a transect collected 2 weeks prior to the one shown in Figure 4 , Ammerman (1989) measured SRP, chlorophyll a, and SRP uptake rates. His SRP profile also showed deviations below the conservative mixing line, although the region was slightly fresher and spread over a larger salinity range (3-12 ppt) than we observed 2 weeks later. In this region, chlorophyll a concentrations and SRP turnover rates, respectively 30 ~tg 1-l and 3°/'0 h-1 were five-to seven-fold greater than in the region of quasi-conservative mixing. About one quarter of the profiles in our data set showed some evidence of SRP deviations from quasi-conservative mixing lines. Typically, they occurred in a restricted salinity window, 5-10 ppt, in the fresher reaches of the estuary. However, because many of our profiles did not include the fresher stations (i.e. salinity less than 10 ppt) and half of the transects were collected during the summer (July-September) the overall frequency of net SRP-uptake during the course of a year is difficult to infer from our data set.
TDP concentrations, which were also measured after 1980, show similar quasiconservative behaviour and mid-salinity maxima to those of SRP, as was initially reported for the Hudson estuary by Ketchum (1969) DSi is plotted against salinity while on the left it is plotted against mile point. During the April transect, saline water intruded to mp +20 while during the July transect it intruded to mp + 60.
20 and 110 ~tmol 1-1. (The range during the late 1970s was greater than during the earlier 1970s. See Mueller et al., 1976 and . The variations in mean effluent SRP concentrations reflect differences in treatment procedures and also the quality of waste water reaching the facilities. While SRP showed relatively little variation in behaviour between periods of different freshwater discharge rates, DSi had much larger seasonal variations. During winter and early spring transects (periods of high flow), DSi concentrations in freshwater were greater than 70 I~mol 1-1 and samples from within the salinity intrusion fell on a conservative mixing line between the freshwater and the seaward end members. On the other hand, during summer transects (periods of low flow), freshwater D Si concentration drop to less than 20 ~tmol 1-1 in the region just up-stream of the salt/freshwater interface. Further upstream concentrations typical of winter are observed. Downstream of the interface a mid-salinity DSi maximum appears. 
Single-layer box model
Model calculations can provide valuable insights on the trends of DSi and SRP profiles over the past 2 decades. Deck (1981) developed two multiple-box models of the Hudson estuary to predict nutrient distribution patterns. His first model assumed the water column to be vertically homogeneous; the second assumed it to be stratified. The former is represented by a single layer of boxes while the latter is described by two layers. He showed that during periods of low discharge the single and two-layer models represented longitudinal variations of nutrient concentrations in the Hudson estuary equally well. Here we will employ Deck's single-layer model representation to the lower estuary from the Narrows (rap -8) to Newburgh (mp + 60).
Model description
We have divided the lower estuary into 10 boxes whose dimensions are listed in Table 1 . The boxes are 8 miles in length (approximately the excursion distance of a parcel of water , 1973-89) .
~Discharges are calculated from gauged tributaries and basin area.
'Results from our single-layer model calculations. DSi flux is the sum of dissolution of diatom tests and diffusive flux from the sediment pore waters. aAssumes WWTF discharges listed in Table 4 .
'To fit the observed profiles, the sediment SRP flux had to be changed in the model calculations. ~Calculated from total-P assuming a SRP/total-P of 0-8. ~No data; calculated from freshwater discharge assuming average treatment concentration. "The phosphate loads of the primary and secondary treatment facilities were estimated by Mueller et al. 1976 . The untreated or raw discharges were estimated from the freshwater discharge rate by assuming the average concentration, 40 ~mol l ~ ~, Hammond (1975) measured at the 125th Street outflow. aOnly 50% of the East River ~TF discharge is assumed to enter the estuary and subsequently be flushed out through Lhe Narrows; the remainder is assumed to flow into Long Island Sound [see during the semi-diumaI tidal cycle) except in the harbour area where they are 4 miles long. All box volumes are within a factor of two of each other. Figure 6 illustrates the fluxes and properties incorporated in the model calculations. Each box is assumed to have a uniform value of salinity, S i, and nutrient concentration, C;. Similar to the two-layer box model of Pritchard (1969) , mixing along the axis of the estuary has been lumped into a single parameter, the box exchange coefficient, E i. The inter-box fresh water flow, Qi, is distinguished from additional freshwater inputs, L;, due to tributary inflows and waste water discharge. The net flow of freshwater is always seaward. The nutrient loads to each box associated with WWTFs and tributaries are described by H i. The flux from the sediment is represented by M i. In this representation of the Hudson estuary, we have not explicitly included adsorption/desorption from suspended particles or in situ (water column) uptake as sources or sinks of either SRP or DSi. The footnotes are the same as in Table 3 (a). K.V.K., Kill Van Kull and Newark Bay; E.R., East River. Deck (1981) showed that concentrations of conservative constituents could be calculated if the volume, freshwater flow, salinity, external sources and sinks, and end member concentrations for each box are specified. By assuming that the system is in steady state with respect to salt transport~ the box exchange coefficients, Ei, can be calculated from the observed salinity distribution and rate of freshwater discharge.
Model calculation input parameters
There are three dominant sources of freshwater to the tidal Hudson: (1) gauged upper river discharge over the Federal Dam at mp + 154, (2) lower basin tributary run-off, and (3) WWTF discharge. The USGS maintains a number of discharge gauge stations on the main stem of the Hudson River upstream of tidal influence and on many of its tributaries. The most seaward station on the Hudson River is at the Federal Dam (mp + 154). About half of the tributary area downstream of the Federal Dam is gauged. Discharge from the remainder was estimated using discharge per square kilometer from gauged areas. Only tributaries which lack significant perturbations (e.g. reservoirs and/or WWTF discharge) have been used to derive the mean tributary runoff rate. Following Garvey's (1989) approach, gauges north of Poughkeepsie (mp +75) were used to estimate tributary discharge between there and mp + 154 and gauges to the south were used to estimate non-gauged tributary discharge further downstream. In all cases it was assumed that non-gauged tributary discharge was not perturbed significantly by municipal water works. Table 2 lists discharges at the Federal Dam and at the Battery (Federal Dam plus tributary discharge) for each sampling period used in the model calculations of SRP and DSi distributions. The choice of suitable periods of time over which to average discharges was somewhat arbitrary. Because we were interested in simulating equilibrium late summer nutrient profiles, the replacement time for fresh water was relatively long (Figure 2 ) and sometimes exceeded the time since the last high discharge episode. For profiles in this category we have averaged discharges following the last significant runoff event. The mean discharge rates used in the model calculations are averages of daily inflows for 25-30 days preceding collection of the estuary samples. Tributary flows were added to appropriate boxes in the model simulations.
Discharge from WWTF is the third category of major fresh water influx to the estuary below the Federal Dam. Tables 3(a) and 3(b) list the treatment facilities considered in the model calculations, along with their place of entry and discharge rates. The list includes inputs from facilities along the tidal Hudson downstream of Newburgh (mp + 60), Kill Van Kull, Newark Bay, and the East, Passaic, and Hackensack Rivers. Although individual facilities have been modified signficantly during treatment level upgrading, later estimates of the discharge rate of water from WWTF (Mueller et al., 1982; Brosnan et al., 1987) do not differ much from those of earlier estimates. We have chosen to use the data of Mueller et al. (1976) , because the corresponding nutrient data is more complete and hold these WWTF water discharge rates constant for the model calculations representative of later years. The total freshwater input from WWTF to the estuary as modeled here is 64 m 3 s-~, which is comparable, during our 17 collection periods, to the mean summer tributary input, 87__+ 63 m 3 s-i, and one third of the mean summer Hudson discharge, 173_ 89 m 3 s-1 over the Federal Dam.
Net evaporation is a minor loss of freshwater in the tidal Hudson. Average reservoir evaporation rates vary throughout the year, reaching a maximum in July of 13 cm month-1, and minimum in January of 1.5 cm month-l (Todd, 1970) . During the summer months, an average of approximately 15 m 3 s -~ of freshwater is lost. Except for the 29 August-8 September collection, this loss is less than i0% of the Battery discharge (mp 0) for the transects discussed here. Freshwater discharge was not corrected for evaporative loss when used in the model calculations.
The mean salinity for each box was determined from a third order polynomial fit of the depth-averaged salinities plotted against mile point observed during each transect. The salinity calculated at the midpoint of each box from this fit was used. Rather than extrapolating from the observed salinity profile to regions not sampled, we have decreased the number of boxes used in the model runs. The number of boxes used for the model calculations for each estuary transect are listed in Table 2 .
While the freshwater SRP and DSi end members were chosen by extrapolating from conservative mixing lines, the seaward end member concentrations have been fixed by the most saline data point in each transect. Usually this was the sample collected 1 m above the bottom at the Narrows (mp -8).
The SRP loading rates from WWTF [Tables 3(a) and (b)] have been estimated from compilations by Mueller et al. (1976) and Hammond (1975) . For many of the primary and secondary treatment facilities, Mueller et al. (1976) reported only total-P discharge rates. In these cases, we have assumed a SRP/total-P ratio of 0.8 [ Figure 5 (b)] to calculate the SRP discharge rate. Mueller et al. (1976) did not include loading estimates for untreated sources. We have estimated these loads from their water discharge rates and an assumed SRP concentration of 40 Ix mol 1 -~, which is the average value for untreated outflow from Manhattan at 125th Street measured by Hammond (1975) . There are a number of assumptions built into our loading terms and they differ from other estimates. For example, Hammond (1975) estimated the total WWTF SRP load to the tidal Hudson to be 4.6 mol s-x which is approximately 75 % of our estimate (6.3 mol s-~). However, because we are primarily interested in comparing temporal trends of observed nutrient profiles, the absolute loading term is not so important. By scaling the total WWTF SRP discharge to match observed profiles, each year's SRP loading can be quantified relative to conditions in the early 1970s.
Although our order of magnitude calculations (see discussion and Table 4) suggest that the sediment flux of SRP is minor, we have included a source term for this input in our model calculations. The sediment flux (0.2 mol s-i) was assumed to be constant throughout the estuary, based on the mean flux calculated from observed pore water profile gradients, (Deck, 1981 ; 1 x 10 -7 l~mol cm -2 s-l).
The DSi discharges from WWTF have been calculated from water discharge rates at these facilities and an assumed DSi concentration of 80 lamol 1 -I which corresponds to average New York City reservoir water (Bopp, unpubl, data) . Published values (Hammond, 1975; Garside et al., 1976 ) and measurements we have made on New York City WWTF effluent also average approximately 80 ~tmol 1-~ of DSi.
The sensitivities and resolution of the model calculations have been checked by varying the magnitudes of input parameters. Model results using SRP loads and freshwater flows varied by amounts up to __+ 10~, cannot be distinguished from results using our best estimates of these parameters. However, loading and freshwater discharges which differ by more than 10% can be resolved. Changes in SRP and DSi concentrations of the seaward end member significantly affect predicted model concentrations; an increase in these concentrations leads to higher calculated maximum values and a decrease to lower maximum values. We hope by choosing observed values, we have minimized the uncertainties dependent on the magnitude of this critical parameter.
Discussion
While DSi displays behaviour typical of a number of Atlantic coast estuaries (Sharp et al., 1982; Anderson, 1986 ) SRP displays atypical behaviour. The two unusual features of the Hudson estuary SRP profiles are the large increases in concentrations at mid-salinities (two-to-six-fold) and the quasi-conservative behaviour throughout most of the salt intruded reach.
SRP behaviour
The Hudson estuary SRP-salinity profiles differ from those of most other estuaries in that the mid-salinity maxima are more pronounced and apparent throughout the year, independent of freshwater discharge. The maximum concentrations, however, are inversely proportional to the freshwater discharge rate ( Table 2 ). The differences between SRP vs. salinity profiles in the Hudson and those from other estuaries could reflect different flushing rates, a larger suspended particle load, or the presence of significant external point sources (WWTF). A comparison of loading terms shows that the discharge of the WWTFs dominates (Table 4) , with more than 85% of the mid-salinity inputs coming from this source in the early 1970s.
Lacking from Table 4 are inputs from the regeneration of nutrients from organic material in the water column. The interaction of nutrients and phytoplankton has been previously examined in the Hudson south of the northern tip of Manhattan (Garside et al., 1976; Malone, 1977; Malone et al., 1980; Ammerman, 1989 Ammerman, , 1991 . All of these studies suggest that SRP concentrations should not be dramatically affected by biological activity in the Hudson. Despite the presence of elevated nutrient levels (SRP > 1.3 lamol 1-~ and total dissolved inorganic nitrogen > 35 lamol l-l), these studies have shown that chlorophyll a concentrations are usually low (non-bloom summer chlorophyll a concentrations "Sediment diffusion rates were determined by Deck (1981) from sediment pore water profiles. In our calculations we have used a sediment diffusional flux equal to 1 x 10 -7 ttmol cm-~ s ~, Deck's mean, and have assumed it to be constant over the lower estuary which has an area of 2.4 x 108 m 2 (mp -8 to mp 64). ~rhe tributary flux is calculated only for the discharge that enters seaward of the fresh/ salt water interface, which averages 25% of the total tributary flow to the tidal Hudson. cParticle reactive phosphorus (i.e. the amount of SRP which can be desorbed from the suspended material) is assumed to equal 10~mol SRP g-~ of suspended material (Froelich, 1988) . The flux is calculated assuming all of the particle reactive phosphorus is desorbed. ~Our model calculations show that the discharge during the late 1980s was closer to 2-1 mol s-~ and hence, during the late 1980s, WWTF loading was 70, 84 and 88% of the total load for the high, mean, and low discharge conditions respectively.
are between 5-10 ttg 1-1). Variations in biomass rarely perturb dissolved nutrient concentrations and neither phosphorus nor nitrogen limit primary production. It is generally thought that primary production in the saline Hudson is light limited (Malone, 1977) . Microbial biomass may also be limited by its relatively short residence time within the estuary. Microbial involvement in the phosphorus cycle in the Hudson has been examined by Ammerman (1989 Ammerman ( , 1991 . His experiments indicated that SRP turnover rates (uptake rate/SRP concentration) were as high as 3 % h-i in the region of net SRP-uptake, but were less than 0.5% h-i elsewhere. He also found that the uptake rate was generally balanced by the microbial SRP regeneration rate.
These earlier studies and our order of magnitude calculations suggest that the majority of the dissolved phosphorus added to the Hudson estuary originates from WWTFs and is rapidly mixed throughout the estuary with relatively little perturbation by the microbial community. The estuary retains a similar SRP to TDP ratio as that of the WWTFs [ Figure 4 (b); WWTF total°P is assumed to approximately equal TDP] showing little net uptake or regeneration within the water column. The quasi-conservative behaviour of SRP seems to result from a relatively low microbial turnover rate due to high concentrations of dissolved SRP. ( Figure 7) shows that a substantial portion of the DSi is added to the water at lower salinities than for SRP. Therefore, a source other than WWTFs must be involved as an important input of DSi. A process similar to that outlined by Anderson (1986) 
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SRP loading history
To estimate the loading history of SRP over a period of 16 years we will assume it behaves quasi-conservatively within the Hudson estuary and match model simulations to observed nutrient profiles by varying the total loading rate from the WWTF sources. Late summer profiles have been chosen because steady-state salinity conditions are most likely after long periods of low freshwater discharge, the differences between surface and bottom salinities are minimized, and because the differences between mid-salinity SRP and end member concentrations are greatest. Freshwater discharge, sediment source, salinity distribution, and end member nutrient concentrations, are used as fixed input parameters. Figures 8(a) - (c) show SRP transect data from 16-18 August, 1973 , 27-28 August, 1974 and 23-26 August, 1988 and model calculated profiles using loads which are based on the WWTF input values listed in Table 3 (a), fresh water discharges listed in Table 2 , and a sediment flux of 1 x 10 -7 ~tmol cm -2 s-1. Model calculated profiles from the loads listed in Table 3 (a) matched the observed data of the 1973 and 1974 transects. On the other hand, Figure 8 (c) shows that these loads are much too high to account for the observed data in 1988. However, when the WWTF loads are reduced by 66%, the model calculation results are consistent with the observed SRP data.
For an additional 14 profiles we have estimated the WWTF SRP loading by scaling the early 1970s loads to fit observed SRP transect data. The results of these models runs are listed in Table 2 and plotted in Figure 9 . While most of the error bars represent the resolution of single-layer model calculations (+ 10%), for the 14-15 August 1984 profile the uncertainty was estimated to be + 25%. In this profile, the seaward end member was not well defined. Table 3. •, Observed surface data; @, observed bottom data.
1.5 pmol l-n). The model was run using each of these SRP concentrations as an end member; the range of calculated WWTF SRP loads are represented by the larger error bar. For two of the profiles, 2-4 October 1974 and 29 August-8 September 1989, the model calculated curves could not be fit to the observed data without changing the sediment flux; the rest of the profiles could be fit reasonably well by varying the WWTF SRP discharges alone. The inability of the model to predict the observed data from 2-4 October 1974 and 29 August-8 September 1989 profiles probably reflects non-steady state conditions for the salinity distribution. For 3 weeks prior to early October 1974, the freshwater discharge had been increasing. During the late August 1989 collection, the freshwater discharge was much lower than during any of the other collection periods, with a freshwater residence time of 170 days. In Figure 9 , these points are plotted in brackets because we believe the WWTF loads based on model calculations have greater uncertainty than for the other sets of transect data. Figure 9 indicates that the SRP loading from WWTFs has decreased significantly over the 16 years represented here by nutrient transect data. Some of the variability in the time trend may reflect storm pulses from combined sewer overflows (CSOs) which can double the total WWTF SRP discharge immediately following a heavy rain. There is some evidence from lower basin tributary discharges that storms passed prior to all collections periods. However, the CSO discharges are episodic pulses and do not account for a high proportion of the loading over extended periods of time.
Part of the decrease ofWWTF SRP discharge after 1974 to 55°.0 of the early 1970s load probably reflects the replacement of phosphorus in detergents as well as upgrading of treatment facilities. WWTFs which were not upgraded between 1974 and 1979 had a systematic decline in SRP discharge concentrations which averaged 33°0 (Mueller et al., 1976 (Mueller et al., , 1982 in both New York and New Jersey facilities (despite the fact that NJ does not have a legal limit on phosphorus in detergents). The New York State ban of phosphorus detergents (end of 1972) occurred prior to our earliest transect but the largest decline in SRP in the Hudson estuary appears to have occurred a few years later. At present we do not have a well documented explanation for the lag between the decline of SRP levels in the Hudson estuary and New York State's ban. The return to loading conditions typical of the early 1970s in the mid-1980s probably reflects construction at the Passaic Valley Sewerage Commission treatment facility, which accounts for nearly half of the SRP load to the Hudson estuary. From 1983-86 new primary clarifiers were installed at the plant causing a period of reduced treatment (Interstate Sanitation Commission, 1983-86) . Similarly the most recent reduction of SRP loading may reflect the new primary clarifiers coming on line at the Passaic Valley Sewerage Commission facility. Another factor which may have affected SRP loading over the years was changes in industrial releases, but we do not have empirical data relevant to this issue.
New York City Department of Environmental Protection summer 'average' Hudson Harbor SRP concentrations show roughly similar trends with time since the mid 1970s (Brosnan, 1987) . However, these average values have not been corrected for differences in freshwater discharge between the collection periods. Some of the variability observed in their time trend probably results from variable summer freshwater discharge. Transects collected prior to 1973 (Ketchum, 1969; Interstate Sanitation Commission, 1971 ) displayed higher maximum SRP concentrations than observed during our 1973 and 1974 transect. The maxima from SRP transects on 7 July, 1964 (Ketchum, 1969 ) and 2-12 August, 1971 (Interstate Sanitation Commission, 1971 ) transects were 8.4 and 7.2 lamol 1-1, respectively. However both transects were collected during periods of low freshwater discharge, (100 and 220 m 3 s-~ at the Battery, respectively). Model calculations suggests that SRP loading at the time of these two transects were not significantly different than during the early 1970s.
DSi loading history
The summer D Si loading history is estimated by assuming the dissolution of diatom tests can be simulated as a sediment source and by matching the model calculations to observed profiles. Freshwater discharge, WWTF DSi discharge, salinity distribution, and end member nutrient concentrations, are used as fixed input parameters. Figure 10 illustrates several attempts to simulate a representative observed DSi profile using the single-layer model. The dashed line was calculated using DSi fluxes from the sediments based on pore water concentration gradients (Deck, 1981) and WWTF DSi fluxes proportional to their water discharge rates (using a constant DSi= 320 ~tmol 1-]). The DSi maximum of the model calculations lies seaward of the observed values indicating that WWTF discharge is not the only important source of DSi within the estuary. The most likely candidate for a second major source is provided by the dissolution of diatom tests (Anderson, 1986) . The solid line represents model calculations assuming that the dissolution rate of diatoms per square metre is constant throughout the estuary and the WWTF discharge has a DSi concentration of 80 ~tmol 1-1. All eight observed transects could be matched using these assumptions. The calculated dissolution fluxes are 2-14 times the average sediment diffusive flux, 5 x 10 -7 lamol cm -2 s -I, calculated by Deck Although there appears to be some correlation between the temporal history of total DSi dissolution flux and SRP WWTF discharge, the co-variation is not strong. Rather than showing an initial reduction in the mid 1970s followed by high discharges in the mid 1980s as occurred for SRP loading, DSi shows a relatively high and variable input flux through the early 1980s followed by a decline in the mid to late 1980s (Figure 11 ). Plots of dissolution vs. time of year or freshwater discharge do not reveal consistent relationships, suggesting the observed variation of DSi may reflect episodic strong and weak diatom blooms or downstream transport of tests.
The regeneration of SRP from the transported diatoms can be estimated from the model-derived DSi fluxes. Assuming that the regeneration rate of DSi and SRP from the transported diatom tests is the same as the observed uptake ratio upstream of the salt/ freshwater interface (DSi-uptake/SRP-uptake=70), the maximum SRP regeneration rate from diatoms would be 0"25 mol s-l in the saline Hudson. This flux is small compared to the total WWTF discharge rate, but is comparable to the diffusive flux of SRP from the sediment pore waters (Table 4) .
Conclusions
In the Hudson estuary, the effects of phytoplankton activity upstream of the salt/ freshwater interface were apparent in the SRP and DSi profiles collected during low summer discharge but not during high flow spring conditions. In some of the profiles downstream of the interface, appreciable SRP uptake was observed in surface water samples at relatively low salinities. The uptake occurred episodically throughout the year in narrow salinity windows at relatively low salinities. The lack of observable SRP uptake in the saltier water (Harbor and Upper Bay regions, mp+ 10 to mp -8) is consistent with the observations of Garside et al. (1975) and Malone (1977) , who found changes in phytoplankton activity from that section of the estuary were not reflected in nutrient vs. salinity profiles. DSi profiles never showed a net uptake of DSi downstream of the salt/freshwater interface.
Excluding these episodic periods of net uptake, SRP displays behaviour in the saline reach of the Hudson atypical of most other estuaries. Biological and particle exchange processes are overwhelmed by the addition of SRP from WWTF near the downstream end of the system. The dominance of these external sources leads to SRP displaying quasiconservative behaviour within the estuary. On the other hand, the behaviour of D S i in the Hudston estuary is more similar to that of other estuaries along the Atlantic coast of the U.S.A. Diatoms blooms upstream of the salt/freshwater interface followed by downstream transport and dissolution of the tests appear to regulate critical features of the distribution of D Si in the saline reaches of the estuary.
During low freshwater discharge (summer) conditions SRP and D Si have profiles with similar shapes, although the mid-salinity maximum for DSi is upstream of that for SRP. Loading estimates indicates that WWTF is a major source for both nutrients. While the WWTF DSi discharges account for 20-65% of the total lower estuary loads during summer months, the SRP discharges accounted for more than 85°Jo of the net influx. Efforts to improve coastal water quality are reflected in the SRP WWTF loading history over the period of nearly two decades. In addition to the phosphate detergent ban in New York State, construction of secondary treatment facilities and improved primary systems appear to have substantially reduced the total loading of SRP. The history of D Si loading has not been the same as for SRP. The variations from one summer to another as well as between months of the same summer appear episodic and controlled by some combination of diatom blooms upstream of the salt/freshwater interface and downstream transport followed by dissolution of diatom tests, rather than changes in discharge amounts of D Si from WWTFs.
